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KATIOKAL ADVISOEY COMMITTEE FOR AEROHAUTICS 


RESEARCH MEMORANDUM 

CCERELATION OF TURBINE-BLADE-ELEMBNT LOSSES BASED ON WAKE MOMEINTUM 
TEECKHESS WITH DIFFUSION PARAMETER FOR A SERIES OF 
SUBSONIC TURBINE BLADES IN TWO-DIMENSIONAL 
CASCADE AND FOR FOUR TRANSONIC 
TURBINE ROTORS 

By Robert Y. Wong ajid Warner L. Stewart 


SUMMARY 

The analysis of losses occurring in a series of subsonic turbine 
blades in a low- speed two-dimensional cascade and in a related series 
of four transonic rotors is presented herein. The two-dimensional 
profile losses of turbine blades operating in the two-dimensional cas- 
cade over a wide range of Incidence angle, stagger angle, inlet flow 
angle, and reaction could be generalized into one loss correlation 
curve when wake momentimi thickness- to- chord ratio and suction- surf ace 
diffusion were used as parameters. A correlation of these losses on 
the basis of a loss parameter directly related to a product of wake 
momentxmi thickness- to- chord ratio and a function involving wake- form 
terms exhibited trends identical to the loss correlation based on wake 
momenttim thickness. It was also Indicated that the ratio of wake 
momentum thickness to suction-surface length for turbine loss correla- 
tions is preferable to a parameter based on the chord length, as used in 
conpressor loss correlations . The indicated blade-element loss parameters 
at the hub, mean, and tip radius for a related series of transonic txir- 
bine rotors varied with diff\ision parameters in a manner similar to that 
found for the two-dimensional loss correlations. A considerable differ- 
ence was also found between the levels of the low-speed loss-correlation 
cuive and the treinsonic turbine loss-correlation c\irves. Frcm an 
analysis at zero diffusion, it was indicated that lonsteady-flow effects 
on probe measurements and the effects of stator mixing losses can con- 
siderably Influence the Indicated rotor-blade- element losses. It was 
further indicated that about four-fifths of the true rotor-blade-element 
loss is attributable to compressible-flow profile loss, while the re- 
mainder is attributable to rotor three-dimensional and other effects. 
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IiraRQDUCTICaT 

Analyzing and predicting blade- element losses in txirbomachines have 
been severely hanqpered by the large number of variables that must be 
accounted for and the inability to obtain accurately the performance of 
a rotating blade element because of the complex three -dlmenslonaJ. nature 
of the flow. These three-dimensional effects act on the boundary- layer 
fluids to shift them from their, section of origin to others at which 
they are measured, thus making difficult the evaluation of blade-element 
performance. 

A significant step toward reducing the munber of important variables 
in the correlation of two-dimensional con^iressoi* losses was made in 
unpublished data compiled at the NACA Lewis laboratory by Lieblein in 
which the blade wake momentum thickness and the velocity deceleration 
or diffusion on the suction surface of the blade were used as a basis 
for the correlation parameters- The use of these parameters genera- 
lizes ccsoipressor loss correlations, making them Independent of solidity 
and outlet-flow angle. The hypothesis betiind the use of these parameters 
is that the suction- surface boundary layer contributes a major portion 
of the low-momentum fluids that make up the wake of a blade. Since the 
velocity deceleration or diffusion on the suction surface of the com- 
pressor blade occurs over most of this surface, it probably is the main •« 

factor in determining the size of the . auction- surf ace boundary layer and 
therefore the total wake thickness at the blade trailing edge. It can 
also be shown for two-dimensional incompressible flow through a cascade 
row that the wake momentum thickness- to- chord ratio is related to the 
mass -averaged total -pressure loss in the form given by equation (lO) of 
reference 1. In the impublished work, of Lieblein, the wake momentum 
thickness- to- chord ratio was used as the basic measure of wake thickness 
or loss in order that the loss correlation be based ccai 5 )letely on 
boundary- layer parameters. 

Since turbi ne blades can differ jiiarkedly frm ccrapressor blades in 
both geometry and surface velocity distributions, it was considered of 
interest to determine if correlation parameters based on the deceleration 
of local suction- surface velocity sind wake mcmentum thickness would be 
equally successful in generalizing turbine losses. In general, turbine 
blades differ frcm. campressor blades as a result of the flow throu^ a,, 
turbine blade row being required to tixrn throu^ a much greater angle 
them that required through a compressor blade row. 'This requirement 
resxilts in turbine blade designs that have higher camber angles, higher 
solidities, higher blade loading, emd higher inlet and outlet flow 
angles. These effects can not only make the geometry of the turbine 
blade differ from campressor blades biit can also affect the local surface 
velocity distribution around the blade. The surface velocity distribu- 
tion around the blade for a given blade loading is also dependent upon 
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the amount and distribution of reaction across the blade row. Since the 
reaction across turbine blade rows varies over a considerably wider 
range than ccc 5 )ressor blade rows^ it is evident that for a given loading 
of the turbine blade the velocity deceleration or diffusion on the suc- 
tion surface and the blade- surface length over which the diffusion takes 
place can vary over a considerable range. 

Recent investigations of four transonic turbines (refs. 2 to 5) 
indicate that suction- siirf ace diffusion is an in^jortant factor to be 
considered in the control of over-all turbine losses. A comparison of 
the experimentally obtained design-point efficiency among the four 
turbines (ref. 4) indicated that increased diffusion parameter was 
accompanied by a gradual Increase in average blade loss (as indicated 
by over-all turbine efficiency) until a spanwise averaged diffusion 
parameter (obtained from the design procedure as in ref. 3) of 0.24 was 
reached. For diffusion parameters above 0.24, a sharp rise in average 
blade loss was Indicated by the over-all tiirbine efficiency. General 
validity could not be inferred for loss correlations based on over-all 
turbine efficiency because of the large number of variables involved. 
Rotor-blade- element loss correlations in terms of parameters based on 
measured values of wake momentum thickness and suction- surface diffusion 
are inpossible at present because instiumentation limitations prevent 
the measurements of the total-pressure distributions across rotating 
blade wakes and of the local surface velocity distribution around 
rotating blade rows. The problem of correlating turbine rotor losses 
can then be resolved into one of deteimining from two-dimensional 
turbine cascade data the significant parameters for generalizing turbine 
loss correlations, and one of approximating these parameters for turbine 
rotors to determine whether these parameters can’he of significance in 
the correlation of turbine rotor-blade-element losses. 

The object of this investigation is then twofold: (l) to determine 

from available two-dimensional turbine cascade loss data whether param- 
eters based on wake momentim thickness and suction- surface diffusion 
will generalize two-dimensional turbine cascade losses as was done for 
two-dimensional conpressor cascade losses, and (2) to approximate the 
wake momentum thickness parameter from the relative total-pressure loss 
for available turbines where the suction- surface diffusion parameter can 
also be readily approximated in order to determine if these parameters 
will also generalize measured turbine rotor-blade-element losses. 

The first objective will be restricted to the loss data reported 
in reference 6, in which sufficient data are presented to calculate 
both the wake momentum thickness- to- chord ratio and the suction- surface 
diffusion parameter D. The second objective will be restricted to 
four tiransonlc turbines operating only at design point (refs. 2 to 5), 
for which the blade- element diffusion parameters were obtained from the 
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design procedure. Althougih these restrictions may seem severe^ it vas 
felt that the results of the first objective of this Investigation vould 
not he affected hy the restriction imposed, since the blades investi- 
gated in reference 6 appear to be representative of subsonic turbine 
blades, and the blades vere operated ever a representative reuage of 
conditions. The rotor loss correlations were necessarily restricted to 
turbines where the diffusion parameter could be obtained. 

The approximation of wahe mcmentum thickness- to- chord ratio was 
also calculated from the two-dimensional turbine cascade data in order 
to determine the effect of the use of the approximate loss parameter 
on the trend of loss correlations. Compsirisons between the two- 
dimensional losses and the transonic turbine rotor losses are made in 
order to indicate what factors may be important in evaluating measured 
turbine rotor-blade- element losses. 


DESCRIPTION OP BLADING 
Two-Dimensional Cascade Blading 

The loss data reported in reference 6 were obtained from operating 
the turbine blade profiles shown in figure 1 in a two-dimensional low- 
airspeed cascade. As can be seen in figure 1, the five blade profiles 
appear to be representative of subsonic turbine blades. The blade 
camber angle 9 ^ varied frem 65° to 120° and the maximxmi thickness-to- 
chord ratio t/c varied from 10 to 25 percent. The table in figure 1 
summarizes the range of inlet-air flow angle, solidity, and angle of 
attack covered in the Investigation of. reference 6. The pressure- 
coefficient curves given in reference 6 indicate that the range of re- 
action covered extends from approximately zero to highly positive. 

The rscoge of incidence angle extends from highly positive to slightly 
negative. 


Transonic Turbine Rotor Blading 

Blade-element losses for the four transonic turbine rotors were 
obtained from radial and circumferential surveys made Just downstream of 
the rotor operating at design point. The mean rotor-blade- element pro- 
files forming the mean radius flow passages of the four transonic 
turbines are shown in figure 2, together with a table svamnarizing the 
important design features of each turbine. Angle surveys indicated that 
all blade elements of the four transonic turbines with the exception of 
the tip region of turbine IV were operated at approximately design inci- 
dence angle, which was about 4°. Surveys in the region of the tip of 
turbine IV indicated a positive angle of Incidence of about 12°. The 
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design reaction across the rotors varied frcm negative at the hub of 
«* ttirbine XV to in^ulse at the hub of -Idae other turbines, vhile the mean 

emd tip sections vere designed for positive reaction. The camber angle 
of the mean section of a.n four turbines is about 80°. 


CALCULATION PROCEDURE 


Two-Dimensional Cascade Loss-Correlation Parameters 


The wahe momentum thickness- to- chord ratio 0/c was calculated 
directly from the wake momentum difference coefficient C^,l 

inlet and outlet flow angles ^2* respectively, given in 

reference 6 by using an impublished relation developed for two- 
dimensional inccrapressible flow by Lieblein as follows (symbols are 
defined in appendix A) ; 

By definition. 


C 


w,l 





- \2^^‘ 





(1) 


For incan 5 >ressible flow, 

/Vz,2 = ^2 cos Pg 
P = V = V „, and < 

1 2 z,l z,2 ^z,l “ ^1 °°® ^1 

Substituting into equation (l) and rearranging gives 


Cw 

By definition, 


1 °°° % f ^ 

.1 C ^006 2 J 
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where Q is measured in a direction normal to the direction of flow. 
By substituting equation (3) into equation (2) and rearranging^ 


£ 

c 



is obtained. 


(4) 


Also, the approximation of the vahe momentum thickness- to-chord 
ratio was calculated from 


cDg cos Pg 

a 


JDA fl 

cos Sg 


cos 


P2 


using the required quantities given in reference _6 (see appendix B 

a)g cos Pg 

for the derivation of this equation) . The term 5 , herein 

designated as the loss parameter, has been found to be related to the 
wake mcmentum thickness-to- chord ratio by terms involving the wake form. 
Also, the effect of the form terms on the relation between the total- 
pressure loss and the wake momentvua thickness is of the second order. 

A suction- surface diffusion parameter D, defined as the difference 
between the maximum suction- STirf ace relative velocity and blade outlet 
relative velocity divided by the maxi mum suction- s\arf ace relative veloc- 
ity, was calculated using the relation . 


D 


=■ 1 - 



and the pressure coefficients S given in reference 6 . 


Transonic Turbine Loss-Correlation Peirameters 

Rotor-blade- element loss parameters for the huh, mean, and tip 
sections were calculated frcaa radial ahd circumferential surveys of total 
pressure, total temperature, and flotf angle taken at design-point opera- 
tion of each turbine previously investigated in references 2 to 5. The 
rotor-blade- element loss parameter was calculated from 
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developed in appendix C using local values of total pressure and total 
temperature corrected for probe recovery factor, outlet relative flow 
angle, a calcTilated inlet velocity diagram, and measured outlet static 
pressure. . . 


The local values of turbine- outlet total pressure, total tempera- 
ture, and flow angle used in the loss calculation were selected in. a 
manner such that the direct effect of stator wakes would be minlBiized, 
and thus a better indication of rotor-blade- element losses would be 
obtained. This was accomplished by selecting peak values of local adia- 
batic efficiency frcaa a circumferential survey at any given radial station. 
The hypothesis behind this selection is that stator losses in passing 
thro\i^ the rotor cause patterns in the contours of local adiabatic effi- 
ciency which have been identified as the effects of stator losses (ref. 

7 ) . Specifically, the regions of low efficiency are made up of stream, 
particles flowing along streamlines emanating from the stator wakes and 
loss regions, whereas the regions of hlg^ efficiency are made of stream 
particles moving along streamlines emanating from regions of free -stream 
flow throti^ the stator blade row. As the stream particles pass down- 
stream of the stator, the kinetic energy level of the stream particles 
emanating from the wake regions will rise, whereas the kinetic energy 
level of the stream particles emanating from the free-stream flow regions 
of the stator will fall as a result of mixing. In addition to this mix- 
ing effect, there is an additional loss in the kinetic -energy level of 
all stream, particles directly due to the mixing itself. As the rotor 
blades pass through each streamline, the rotor losses are superimposed on 
each streamline. Therefore, the selection of points corresponding to 
streamlines emanating frcaa the regions of free-stream stator flow, namely 
the peak values of local adiabatic efficiency, tends to lalnimlze the ef- 
fects of stator losses on the measvired rotor -blade -element losses. It 
must be noted, however, that the selection of the peak-efficiency points 
does not conpletely exclude the effects of stator losses because of 
mixing effects, and the stator losses may induce appreciable losses 
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on the rotor blades because of time -aasteady effects. Plotted In 
figure 3 against radius ratio are the maximum and minimum local adia- 
batic efficiencies at any given radius. The curves Illustrate the 
stator effects ttiat are superimposed ,on the local efficiencies as 
previously discussed. As cein be seen frcaa figure 3, the point selected 
for the mean- section loss calculation is near the mean- radius section 
vhere a data point vas available. For the hub and tip sections, data 
points corresponding to approximately the peak efficiency of the faired 
curves were selected from, a region covering 15 percent of the blade 
span from either wall in order to assure selecting a point where end 
wall effects would not predominate. 

The diffusion parameter D was calculated from the blade surface 
velocity distributions obtained in the design procedure (refs. 2 to 5). 
Although the exact value of diffusion parameter obtained by this method 
may be questionable, it is felt that these values are indicative of the 
differences in diffusion parameter obtained among the four turbines 
operating at design point, because the design procedure has been suc- 
cessfully used in the design of txirbines that are highly critical with 
respect to limiting loading. 


RESULTS AHD DISCUSSION 
Two-Dimensional Cascade Loss Correlations 

The results obtained from making calculations as outlined in 
CALCULATIOH PROCEDURE on the two-dimensional low- speed loss resilLts of 
reference 6 are shown in figure 4, in which wake momentum thickness- 
es cos p 

to- chord ratio S/c and loss parameter — are plotted against 

o 

suction- surface diffusion parameter D. Comparison of these loss curves 
indicates that the general trends of losses based on either parameter 
are similar, thviB indicating that the form factor has only a second- 
order effect on the relation between wake momentum thickness and total- 
pressure loss. 

It was also observed that the trend of loss based on either param- 
eter with diffusion parameter is similar to that found in the unpublished 
compressor data except for the tailed points. These points were loss 
resiilts from the highly cambered blades (0^ =,110° and 120°) operating 
at Inlet flow angles of 45° and 60°, respectively. The blade lose 

based on either parameter for these blades rises sharply with increased 
diffusion parameter , whereas there is gradual rise in blade loss with 
Increased diffusion for the other blades. 


3496 


NACA EM E55B08 


9 


An inspection of the surface TClocity distribution as indicated by 
the pressure- coefficient curves given for these blades in figures 18 
and 30 of reference 6 indicated that there are two possible reasons for 
the lack of correlation for these blades. At angles of attack 
near and below the design value, the Initial surface deceleration of 
the flow at the leading-edge portion of the pressure surface of the blade 
was followed by alternate acceleration and deceleration. At angles of 
attack above the design value, a similar situation exists on the suction 
surface of the blade where the initial surface acceleration was followed 
by alternate deceleration and acceleration. It is well known that local 
phenomena of this nature can have considerable influence on the local 
boundairy- layer growth and hence affect the final loss. Therefore, in 
the cases where the alternate acceleration and deceleration on either 
surface is severe, it is unlikely that blade losses based on wake 
characteristics would correlate with suction- surface diffusion param- 
eter, since these effects may have considerable effect on the blade 
loss. ^ 


Another factor that may contribute to the lack of correlation for 
the highly cambered blades is that the chord length of these blades is 
not representative of the surface length over which the flow must 
travel (wetted surface area per unit blade hei^t) . Thus, it may be 
expected that the use of suction- surface length in the blade- loss param- 
eter would be more accrurate for highly cambered blades. The losses for 
the blade profiles presented in reference 6 were therefore recalculated 
on the basis of the ratio of the wake momentum thickness to the suction- 
surface length 0/Jg and plotted against diffusion parameter D in 
figure 5. Coniparison of figures 4(a) and 5 indicates that the loss 
correlation, in general, was slightly iH 5 >roved by basing the loss 
parameter on suction- surface length Instead of chord length. Further- 
more, it can be seen that correlaticm for the highly cambered blades 
is also improved; however, these points do not yet line up with points 
obtained for the other blades. Hence, the lack of correlation on this 
basis may be attributed to increased losses on the pressure surface or 
to the effects of double diffusion on the suction surface, as discussed 
in the previous paragraph. 

The loss correlation curves in figure 4 established a criterion 
for losses occurring in low-speed two-dimensional turbine cascade blade 
rows. However, the curves are obtained from low- speed results, and 
their validity for high speed has not been established. On the basis 
of the work done on the effect of increased airspeeds on canpressor 
blade losses (ref. 8, e.g.), it appears that the level of losses in 
figure 4 is low compared with the losses that would occur if the turbine 
blades of reference 6 were operated at transonic airspeeds. Another 
Indication of this speed effect was obtained from the limited high- 
speed tests conducted in reference 6 on two of the blade profiles at 
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outlet Mach numbers up to 0.9, Calculations of these high-speed loss 
results on the hasis of wake momentum thickness-to-chord ratio are plot- 
ted against diffusion parameter -in figure 6, The low-speed results are 
also shown in the figure ^ which indicates that increased airspeeds 
tended to increase the profile losses. The high-speed results tend to 
fall along the high range of the spread of the. lew-speed data. No def- 
inite trends appear to have been established with these high-speed re- 
sults^ since they fall within the spread of the low-speed results, thus 
Indicating that shock losses were not too severe for these high-speed 
tests - - : ■■ ■■ : ■■■ 


Transonic Turbine Loss Correlations 

The results of loss calculations made on the survey results obtained 
from the four transonic turbine rotors operated at design point are plot- 

ted In terms of the loss parameter ^ against the design value 

of diffusion parameter D in figure 7 for the hub-, mean-, and tip- 

radius blade elements . These Curves show that the measured rotor-blade- 

element loss parameter is related to diffusion parameter in a manner sim- 

ilar to that found for turbine blades in the low-speed two-dimensional 
cascade with the exception of the tip radius where a sharp rise in the 
measured blade-element loss piaramet^ occurred as the diffusion parameter 
was increased above 0.24. It is further noted that the magnitudes of the 
loss parameter measured at the hub and mean radius are of comparable 
levels, while the magnitude of the tip-radius loss parameters is about 
twice that at the other two sections, thus, Indicating that rotor three- 
dimensional effects may have considerable effect on the magnitude of the 
measured rotor losses. 

Comparison of the measured transonic turbine losses (fig. 7) with 
the low-speed cascade losses (fig. 4(b)) indicates that the transonic 
turbine rotor-blade-element losses are considerably greater than the 
low-speed cascade losses. Specif ical.ly, a camparison of the loss param- 
eters at a diffusion parameter of zero in figures 4(b) and 7(b) indicates 
that the low-speed cascade loss is less than 10 percent of that measured 
at the mean section of the zero diffusion turbine (turbine l) . The fol- 
lowing discussion considers some of the Important factors that must be 
considered in the evaluation of blade-element losses measured behind a 
turbine rotor by using the loss parameter measTored at the mean radius 
of turbine I as an example. 


Effect of. Unsteady Plows 

It is well known that unsteady flow fields such as those existing 
behind rotating blade rows can have considerable effect upon the total- 
pressure and total-temperature measurements taken within these fields, 
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and thus influence the relative total -pressure loss across the rotor 
blade rovf as indicated by these measurements . In order to obtain an 
insight as to the order of magnitude of the effect of these unsteady 
flow fields on the measured losses of turbine I, a comparison was made 
between the turbine relative total -pres sure ratio calculated from equa- 
tion (C3) of appendix C using (l) the mass -averaged survey values of 
total temperature and total pressure, and (2) measurements of torque, 
turbine speed, weight flow, outlet flow an^e, and outlet static pres- 
sure obtained in the over-all performance investigation at identical 
operating conditions (ref. 2). The relative total -pres sure ratio based 
on the performance investigation is considered to be the more accurate 
of the two, since it is not affected by the unsteady flow fields. The 
difference in the two relative total-pressure ratios may be used to in- 
dicate the errors due to the unsteady flow effects. 

In order to evaluate any * difference in the turbine relative total- 
pressure ratio as obtained from the two sets of instrumentation, con- 
sideration must be given to the fact that the turbine relative total- 
pressure ratio based on performance results includes the total-pressure 
loss due to the mixing of the rotor-blade wakes, whereas the survey 
results were taken so close behind the trailing edge of the rotor that 
little total -pres sure loss due to mixing of the rotor blade wakes is 
included in the survey measurements . The method by which the differences 
in the two rating methods were calculated is given in appendix D. A 
comparison of the turbine relative total -pressure ratio obtained from the 
survey results to the performance value of the turbine relative total- 
pressure ratio (corrected for a theoretical rotor wake mixing loss) gave 
the error induct by unsteady- flow effects in terms of a fictitious 
total-pressure ratio that was applied to the local measured rotor-blade- 
element loss. The application of this fictitious total-pressure ratio 
to the losses measured at the mean radius of turbine I indicates that 
the actual loss occurring along a streamline emanating from the regions 
of free-stream flow through the stator is only 49 percent of that in- 
dicated by the survey measurements . 


Mixing of Stator Wakes 

The actual loss occurring along the selected streamline indicated 
by the previous section is the sum of the stator losses that have not 
been excluded by the calculation procedure and losses Induced by the 
rotor as the rotor blades pass through the streamline. In order to 
obtain an indication as to the true level of the rotor-induced losses 
at the mean radius of turbine I, it is necessary to obtain an indication 
of the order of magnitude of the mixing effect of the stator blade wakes. 

The effects of mixing of blades wakes on the losses measured along 
a streamline are twofold. First, there is an exchange of* momentum between 
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the free-streajE regions of flow and the wake regions of flow (often re- 
ferred to as mixing). Second, as a result of this momentian exchange, 
there is a further loss in momentum or total pressure in both regions. 
Their combined effect on the local losses measiired at the exit of turbine 
I could not be measured directly since it was found in reference 9 that 
without the rotor in place aJjnost coE^ilete mixing of these stator wakes 
occurred in an axisQ. distance corresponding to approximately the rotor 
axial chord. With the rotor in place, only partial mixing of the stator 
wakes has taken place, because the stator wakes still appear in the total- 
pressure surveys taken at the same axlaJ. station. In reference 9 it was 
also found that without the rotor in place complete mixing of the wakes 
in these stators resulted in a 1.5 percent additional loss in the inlet 
total pressure at the mean radius. With the rotor in place, however, 
the additional total-pressure loss due to mixing is probably not as great 
as the 1.5 percent found in reference 9; however, it is believed that the 
loss resulting from the combined effects of the momentum exchange as 
discussed previously may approach a value Qf 1.5 percent of the inlet 
total pressure of turbine I. When this value of loss was used as a 
criterion for the combined effects of stator-wake mixing it was found 
that the measured local loss of turbine I was eiffected by about 20 percent. 

Correction of the measured mean-radius blade-element losses of tur- 
bine I for the effects of unsteady flow fields and for the losses due to 
mixing of the stator wakes showed that the true mean-radius rotor-blade- 
element loss for turbine I was considerably less than that indicated by 
the survey Instnmmentation . Plotted in figure 8 is the measured mean- 
radius blade-element loss for turbine I as a ratio of the true mean- 
radius blade-element loss. Shown also in figure 8 in terms of the true 
blade-element loss is the breakdown of the effects that unsteady flow 
fields and mixing of stator wakes had on the indicated mean-radius blade- 
element loss of turbine I. 

Compressibility . - In order to obtain an indlcatilon as to the effect 
of transonic airspeeds on profile losses in a turbine blade row, the 
total -pres sure loss measured across the mean section of the stator used 
in the transonic turbine investigations was mass averaged and found to 
be about three times the loss indicated by the low-speed turbine cascade 
loss correlations at zero diffusion (fig. 5). An analysis of the surface 
velocity distribution of these blades by the method given in reference 3 
indicates that the suction-surface diffusion parameter for these stators 
is zero. The loss parameter found for the stator mean section can then 
be assumed to be approximately equal to the loss peirameter corresponding 
to the compressible-flow profile losq of the rotor mean section of ti«r- 
blne I, since the two-dimensional loss correlations presented in figures 
4(a) and 4(b) are independent of blade shape, and both blades sections 
are operating at comparable Mach number levels and at z^o diffusion. 

This value of loss parameter was plotted in figure 8 and labeled 
compressible-flow profile loss to illustrate the order of magnitude of 
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the profile losses as ccanpared with the true loss. From figure 8, it 
can he seen that the profile loss is estimated to he of the order of 81 
percent of the true rotor-hlade-element loss. The low-speed profile loss 
is shown in figure 8 (dashed line) in order to en^ihasize the difference 
in loss levels. 

Three-dimensional effects . - It has heen found hy various investi- 
gators that three-dimensional effects tend to shift boundary- layer fluids 
2 radlally froDi one point to another. An inspection of the variation of 
maximum and minimum local efficiency with radius for the four transonic 
turbines given in figure 3 indicates that the efficiency level at the 
huh is generally higher than that at the tip. Furthermore, the level 
of efficiency measured at the huh is only slightly lower than that 
obtained in the highest efficiency regions. Thus, it appears that these 
three-dimensional effects are shifting considerable amounts of hub-wall 
losses onto the rotor-blade surfaces, thus Increasing the efficiency 
measured in the region of the hub and decreasing the efficiency measTired 
elsewhere, and in particular the tip-radius region. 

Three-dimensional effects may then be the main conlaributor to the 
remaining loss in figure 8, which is the difference between the true 
mean-radius blade-element loss of turbine I and the compressible-profile 
loss estimated from the loss measured at the mean radius of the stators 
and amounts to about one-fifth the true loss. Further indications that 
rotor three-dimensional effects are Important to turbine losses are seen 
in a comparison of the level of losses measured at the hub- and mean- 
radius regions with those at the tip-radius region (fig. 7). The level 
of loss at the tip-radixis region (up to D = 0.24) is about twice that 
obtained at the hub and mean radixis, and it appears that the increased 
losses at the tip are the effects of the radial transport of boundary- 
layer flxiids in combination with the complex secondary flows occurring 
in the tip region. 

The sharp rise in the loss curve above a diffusion parameter of 0.24 
for the tip may be attributed to the diffusion parameter of turbine IV 
not being the value obtained in the design procedure, since surveys taken 
upstream of the rotor indicated approximately a positive 12° angle of 
incidence in the region of the tip of turbine IV at design-point opera- 
tion. It is believed that the radial transport of boundary-layer fluids 
into the tip region of this turbine combined with losses originating in 
the tip region prematurely chokes this region, thus causing a mass-flow 
shift toward the hub at the rotor inlet, which, in txanu, resulted in a 
positive angle of incidence at the tip. Since it is well known that in- 
creases in incidence angle tend to increase the loading of the suction 
surface, it can then be concluded that the actual diffusion parameter 
is larger than that obtained in design procedure, which, in turn, would 
tend to tester the sharp rise in the loss correlation curve of the tip 
by shifting the loss point to the right. 
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SUMMARY OF RESULTS 

The analysis of losses occurring in a series of subsonic turbine 
blades in a low-speed two-dimensional, cascade and in a related series 
of transonic turbines is presented herein. The pertinent results of 
this Investigation are summarized as follows : 

1. The profile losses of a related series of subsonic turbine 

blades in a two-dimensional cascade as measured by wake mcsnentum 
thickness-to-chord ratio were found to correlate with diffusion param- 
eter for a wide range of blade profile, incidence angle, stagger angle, 
and inlet flow angle. Correlation of these losses based on a loss param- 
eter, which is directly related to a product of the wake mcmentum 
thickness-to-chord ratio and the wake-form terms was found to have trends 
identical to loss correlations based on wake mcmenttmi thickness . It was 
also indicated that the ratio of wake momentum thickness to suction- 
surface length is a preferable loss par^eter to use in turbine-blade 
loss correlations. ' ‘ 

2. The indicated blade-element loss parameters of a related series 
of transonic turbines varied with diffusion parameter in a manner similar 
to that found for the two-dimensional cascade losses. 

3. A considerable difference in the loss levels between the two- 
dimensional and transonic turbine results was found. Frcan an analysis 
at a diffusion parameter of zero, it was indicated that the effects of 
unsteady flow on total-temperature and total -pres sure measurements and 
stator mixing loss can have considerable effect on the measured rotor- 
blade-element losses. It was further Indicated that about four-fifths 
of the true rotor-blade-element loss is attributable to compressible- 
flow profile losses, while the remainder is attributable to rotor three- 
dimensional and other effects. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, February 10, 1955 


3496 



3496 


KA.CA EM E55B08 


15 



D 


f(H) 

T's 


P 



r 

S 

s 

T 

t 

U 

V 

w 


APPENDIX A 
SYMBOLS 

The follonfring sycibols axe used in this report: 
drag coefficient 

wake momentum difference coefficient (see ref. 6) 
chord lengthy ft 

diffusion parameter defined as difference between maximum suction- 
surface relative velocity and outlet relative velocity divided 
by maximum suction-surface relative velocity 

terms involving form of waJse 

suction-surface lengthy, ft 

absolute pressure^ Ib/sq ft 

turbine relative total-pressure ratio calculated from over-all 
measurements 


turbine relative total-pressure ratio calculated from mass- 
averaged survey values of total-teng^erature ratio and total- 
pressure ratio measured from turbine inlet to .just downstream 
of trailing edge of rotor 


radius , ft 

pressure coefficient, (p£ - p^)/(p£ - p^^) 

blade spacing or pitch, ft 
absolute temperature , ^ 
blade thickness, ft 
blade speed, ft/sec 
absolute gas velocity, ft/sec 
weight-flow rate, Ib/sec 


^ 2 
2 

1 ^ 
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a angle of attack, measured from entering flew to chord 

6 gas flew angle measured from axiaQ. direction, deg 

vector meain gas flow angle between inlet and outlet flow- 
angle, deg 

r ratio of specific heats 

6 ratio of tiorbine inlet total pressure to NACA standard sea- 


level pressure, p'/P* 

r r 



Tij local adiabatic efficiency based on local total- state measure- 

ments upstream of stator and downstream of rotor 

0 momentimi thickness, ft 

6^ blade camber angle, deg 

0^^ squared ratio of critical velocity at tvirbine inlet to 

critical velocity at EACA standard sea-level temperature, 

(Vcr/V*cr)^ 

p static density, Ib/cu ft 

relative total-pressure loss coefficient based on inlet 

dynamic head 

£02 relative tot^-pressure ^ss coefficient ..based on outlet 

dynamic head 

0 solidity, ratio of blade chord to pitch, c/s 
Subscripts: 

cr condition at Mach number of lanity 

fs free- stream conditions 

1 local conditions 
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max local conditions corresponding to TnRviTmnn value of pressure 

coefficient S 

t tip 

u tangential direction 

z axial direction 

1 conditions at inlet to a blade row 

2 conditions at outlet of a blade rov 

Superscripts: 

* NACA standard conditions 

* absolute total state 

" relative total state 
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APPEHDIX B 


DEVELOPMENT OF A LOSS PARAMETER AS AN APPROXIMATION QP WAKE MOMENTUM 

THICKNESS parameter AND CALCULATION OF THIS LOSS PARAMETER FROM 

DRAG COEFFICIENT FOR STATIONARY BLADE ROWS 

Frcia unpublished NACA data, the toted.-pressure loss across a blade 
row mass averaged across a blade pitch is related to the wake mamentiun 
thickness by 


Ap ' 





S-o 

c 

cos Sr 




(Bl) 


For incompressible flow, the term involving the form of the wake 
f(n) has been found to have only a second- order effect on the relation 
between total-pressure loss and wake mcmentxm thickness, and hence may 
be ass\xmed constant. Since, by definition, 


COg 



2 ^ 2^2 


equation (Bl) may be rewritten as follows: 


iOg cos 3g 
_ 



(B2) 


SO that if the form term is asBumed consteint the waJse mcanentum thickness- 
to- chord ratio will vary directll^ with the terms involving the total- 
pressure loss coefficient^ the outlet flow angle ^ and the solidity of 
the blade row. 


Loss correlations based on a loss parameter involving the terms on 
the left side of equation (B2) should exhibit loss trends that are 
similar to those_based on wake momentim thickness-to-chord ratio. The 
CO2 cos p2 

loss parameter was calculated Tram the low- speed two- 

dimensional cascade results of reference 6 hy use of equation (B17) of 
reference 8^ which restated is 


0 ^ = 


^^D,l ^ 
cos Pjjj Pj. - 
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Since 


— * 


Pi - Pi 


Pi - Pi P2 - P2 


then 


- °°D,i »i - I’l 

CO^ = "■ i 

2 COB - Pg 


From reference 6, 


S, aBd 

1 Pj - P. 2 p * - p. 


Substituting gives 


Miltiplying both sides by 
reference 6^ yields 


S - 

2 cos Pj^ S 2 
cos Pg 


f obtained from data supplied in 


(D„ cos P„ 
2 2 


C S 
DA 1 

■SSiV sT P2 

in ^ 


(B3) 


whicb was used to calculate the loss paranieter for the two-dimensional 
low- speed results. 



20 


HACA RM E55B08 


APPENDIX C 

EQUATIOHS Aim ASSUMPTIONS MADE IN CALCULATING ROTOR- 

blade-elememt loss parameter 

Rotor-Tjlade- element losses for the hub, mean, eoid tip sections 

were calculated in teims of a loss parameter ^2 ^2 in the foUow- 

a _ 

Ing manner: The relative total-pressure loss coefficient was 

calculated from the eqtiation 



Dividing both terms on the ri^t side by p£ gives 



The relative total-pressure ratio P^/P^ equation (Cl) cgm be 
evaluated from absolute measurements as follows: 



From Isentroplc relations. 


r 



It is assumed that 

QlII 

^ = 1.00 

2 
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(C3) 


From this relation the relative total-pressure ratio may then be calcu- 
lated frcaa measured absolute values of total-pressure ratio and total- 
temperature ratio. 


The static pressure downstream of the rotor Pg and the inlet 
relative total pressuire p£ in the denominator of the ri^t term of 

equation (Cl) were calculated Independently of each other as follows: 

A linear variation between the outlet static pressure measured at the 
hub and tip is assumed in order to find Pg at a given radial station. 

The inlet relative total pressure is calculated from measured values of 
absolute inlet total press\ire, inlet total temperature, inlet absolute 
flow angle, and wheel speed by use of the equation 



(C4) 


Substituting equations (C4) and (C3) into equation (Cl) and multiplying 
cos Pg 

both sides by give the final relation for calculating the 

rotor-blade-element loss parameter: 
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APPENDIX D 


METHOD OF EVAEUATING EFFECTS OF UNSTEADY FLOWS ON MEASUEED 

BLADE-ELEMENT LOSSES 

An evaluation of the effect of unsteady flows on the indicated 
blade-element losses for turbine I at design point can be obtained by 
comparing the turbine relative total-press\ire ratio ccm^iuted from 
equation (CS), using mass-averaged survey values of total- temperature 
Eind total-pressure ratios, with the turbine relative total-pressure 
ratio obtained at the same operating conditions but from measurements 
of torque, speed, wei^t flow, outlet flow angle, and rotor outlet 
static pressTire, which were obtained in the over-all performance in- 
vestigation (ref. 2). The turbine relative total-pressvire ratio 
calculated frcm the mass- averaged survey results foimd 

to be 0.071, whereas the tvirbine relative total-pressure ratio calcu- 
lated from the over:-all performance results 0.885. 

Since the value obtained frcan the over-all performance results is 
considered to be the more accurate of the two rating methods, it is 
evident that survey results indicate larger losses than those indi- 
cated by the over-all performance results. A direct congjarlson of the 
turbine relative total-pressure ratios obtained from the two methods 
cannot be made to evalviate the error induced by unsteady flows because 
the turbine relative total-pressure ratio calciilated frcm the over-all 
performance results fp"/p"^ includes the total-pressure lose due to 

\ 2 l^p 

mixing of the rotor-blade waJses. However, the turbine relative total- 
pressTire ratio calculated frcan the mass-averaged survey resifLts ^P^/Pi^ 

does not include the mixing loss of the rotor wakes because the stirveye 
were taken so close to the trailing edge of the rotor that little or 
no total-pressure loss due to mixing of the rotor wakes has occurred. 

In order to evaluate the effect of unsteady flews on the measured blade- 
element losses by comparison of the turbine relative total-pressure 
ratios, it is necessary to account for this difference in the rotor 
wake mixing loss between the two methods. 

The rotor wake mixing loss can be accounted for by writing the 
turbine relative total- pres sure ratio ^P^P^) terms of its com- 

P 

ponent losses, which are the product of the total-pressure ratios that 
correspond to the stator losses, mixing of stator wakes, relative rotor 
loss, and mixing of rotor wakes. Since the wake mixing loss was shown 
in reference 9 to be related directly to the total loss at the exit of 
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the blade taw, the various losses that make up the turbine relative 
total-pressure ratio found from a knowledge of the 

stator loss. The stator total-pressure ratio was determined from 
mass-averaged radial and circumferential surveys of total pressure just 
downstream of the trailing edge of the stator and was found to be 0.968. 
An over-all stator total-pressure ratio (product of the total-pressure 
ratio corre^onding to the stator loss n-nd mixing of stator losses) was 
found to be 0.950 from figure 4 in reference 9, which assumes linear 
variation in total pressxire across the wake from free stream to the 
mlnimiim total pressure and back to free stream. With these quantities, 
the rotor relative total-pressure ratio, including rotor wake mixing 
losses, was calculated from the turbine relative total-pressure ratio 
^Pg/Pij and was found to be 0.932. The rotor relative total-pressure 

ratio before mixing of the rotor wakes was also found from figure 4 in 
reference 9 to be 0.952, thus giving a value of 0.978 for the pressure 
ratio due to mixing of rotor wakes. Dividing the turbine relative 
total-pressure ratio ^Pg/P^^ total-pressure ratio corresponding 

to the rotor wake mixing loss gives a value of 0.905 for the turbine 
relative total-pressure ratio before mixing of the rotor wakes. If the 
turbine relative total-pressure ratio ^Pg/P^^ is also written as a 

product of the total-pressure ratios that corresponds to the stator 
losses, stator mixing losses, rotor relative total-pressure loss, and a 
fictitious loss to account for the effects due to unsteady flows, 
dividing ^Pg/Pj) l^y (before mixing of the rotor wakes) 

gives the value of the fictitious pressure ratio that is included in 
the survey results because of the effects of unsteady flows. This 
fictitious pressure ratio was found to have a value of 0.962 for 
turbine I and was assumed to be representative of the errors induced 
in the survey results of turbine I. 

The local relative total-pressure ratio obtained from the survey 
res:ilts at the mean radius of turbine I was divided by the fictitious 
total-pressirre ratio to obtain a corrected value of the local relative 
total-pressure ratio. This corrected value was used to calculate a new 
loss parameter of 0.0254, which is about 49 percent of the loss param- 
eter (0.0523) indicated by the svirvey results. 
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Turhine design 


I 

(Ref. Z) 

n 

(Ref. 3) 

m 

(Ref. 4) 

17 

(Ref. 5) 

Equivalent weight tlcm, t — g 

11.95 

11.95 

11.95 

11.^ 

Equivalent wca^lc, Btu/lb 

^cr 

22.6 

22.6 

22.6 

20.2 

Equivalent tin speed, ^t 

597 

597 

597 

597 

Msan-radlufl design diffusion parameten^ D 
Mean-radius solidity ^ <7 

0 

2.85 

0.16 

2.81 

0.25 

2.36 

0.33 

2.16 





Figure 2. - lEransonic tur'blne rotcr meaa-seotloa l)lade profllea and. flow passages 
and oomparison of design features, (Same stator used on all turbines.) 




2 ' 





.8 .9 1.0 .7 .8 .9 1.0 

Radius ratio r/r^ 

(c) Turtine III. Cd) TJurbine IV. 


Figure 3. > Variation of maximum and minimum local adiabatic 
efficiency with radius for four transonic tvirblnes. 




Loss parameter, ^ cob 3j, momentm thickness- 

’ a ^ to-chord ratio, s/c 
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(b) Based on loss parameter • 

Figure 4* - Variation of loss vltli diffusion parameter for series 
of lov-apeed turbine blades In tvo-dlmenslonal cascade. 
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Figure 5. - Variation of ratio of vake momentum thiclmess to suction- 
surface lengtli- with diffusion parameter for a series of low-speed 
turbine blades in two-dimensional cascade. 
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Figure 6. - Variation of wake momentunt thiclmess -to-chord ratio with 
diffusion parameter for turbine blades in two-dimensional cascade 
obtained from limited high-speed tests and extensive low-speed tests 
(ref. 6). 
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“Maaeured rotor-blade-elemerrfc loss 


.ErroTB Induced by unsteady flow 
effects on probe ueasuremeiits 


96f2 ^ 


■Actual loss occurring along 
selected streamline 

Losses due to effects of mixing of 

stator losses 

'True rotor-blade-element loss 

"Losses attributable to three-dimensional 
and other effects 

’Conpresslble-flow profile loss for zero 
diffusion 


■ IncDn^resslble-flcw profile lose for zero 
diffusion 


Figure 8. - BreaMcnm of losses Indicated by local survey measuremfintB at mean 
radius of turbine I. 
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